The transport properties across La 2/3 Ca 1/3 MnO 3 / SrTiO 3 ͑LCMO/STO͒ heterostructures with different thicknesses of the STO insulating barrier have been studied by using atomic force microscopy measurements in the current sensing ͑CS͒ mode. To avoid intrinsic problems of the CS method we have developed a nanostructured contact geometry of Au dots. The conduction process across the LCMO/STO interface exhibits the typical features of a tunneling process. The analysis of I͑V͒ curves by using the Simmons model allows us to determine the barrier height ͑ 0 Ϸ 0.6 eV͒ of STO barriers. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2833760͔
Complex oxides have attracted much interest recently because they show a broad spectrum of intrinsic functionalities that allow envisaging the development of a new generation of oxide-based electronic, magnetic, and magnetoresistive devices.
1,2 Among them manganese perovskites occupy a prominent place due to their very peculiar properties, such as the colossal magnetoresistive response and the half metallic character. Nevertheless, the successful implementation of oxide-based devices requires preserving bulklike magnetic and transport properties at surfaces and interfaces. Thus, the physics and chemistry of surfaces and interfaces become a subject of primary interest since they can drastically modify magnetic and electronic properties reducing the performances of thin films and multilayered structures due to chemical inhomogeneity, strain, charge transfer, or spin exchange interactions. 3, 4 Interfacial effects are especially relevant in manganitebased magnetic tunneling junctions where not only electronic but also magnetic properties are important. Due to the strong orbital-lattice coupling lattice strain effects may be very important in manganites 5 thus, playing a relevant role on the degradation of the magnetic properties. 6 However, other causes, such as polar discontinuity across the interface, may also be important. 7 In this sense, recent theoretical studies predict the appearance of electronic phase segregation with the formation of a spin-and orbital-ordered insulator phase at the manganite-insulator interface due to the reduction of carriers at the interface. Substrates have been treated previous to deposition selecting a TiO 2 atomic termination. 10 The LCMO growth process is of two-dimensional layer by layer type at first stages but then it changes to a three-dimensional type, therefore, the atomic termination of the LCMO layer is not determined. Insulating STO layers of different thickness t ranging from about 1 to 3 nm have been grown on top of the LCMO films using the same growth conditions. Metallic contacts have been prepared by ex situ deposition of a 30 nm thick Au dots on top of the samples by e-beam evaporation at room temperature. Finally, different nanostructured contact geometries have been defined by using a nanostencil shadow mask. 11 Structural characterization of the samples has been performed by x-ray diffraction, AFM, and high resolution transmission electron microscope. The samples exhibit high crystalline quality with the STO͑001͒/LCMO͑001͒/STO͑001͒ epitaxial relationship and with sharp interfaces. In Fig. 1 we show a high resolution image of a cross section to illustrate the nanostructural quality of the samples. Surface roughness of LCMO/STO bilayers turns out to be very small ͑rms Ϸ 0.2 nm͒ and steps of about 0.4 nm corresponding to one unit cell are clearly visible ͓see Figs. 2͑a͒ and 2͑b͔͒.
The transport properties across the LCMO/STO interface have been measured by means of AFM system working on the CS mode with a silicon tip coated with a boron doped diamond conducting film. Transport measurements across a ferromagnetic oxide/insulating barrier bilayers by direct contact of the doped diamond tip with the sample surface are very difficult to do due to the strong dependence on the effective contact area. 12 Without a very accurate study and control of the mechanisms involved in the tip-surface interaction, not always controllable, a strong dependence on the unreliable contact area is found as evidenced by variations of conductivity mimicking the subjacent topography of the films ͓see Fig. 2͑c͔͒ . I͑V͒ curves taken at different points of the surface exhibit the typical features of a tunneling conduction process but with very high dispersion.
To avoid those problems related with the variation of the effective contact area we have developed a nanostructured contact geometry by ex situ deposition of a 30 nm thick Au layer using a nanostencil shadow mask. By using this procedure gold dots with diameters ͑͒ ranging from few hundred nanometers to some micrometers have been fabricated. In Fig. 3 we show the topography and the profile of one of the Au dots ͑a͒ and the conductivity map ͑b͒ of a set of these Au nanostructures. As expected, the conduction through the LCMO/STO/Au heterostructure exhibits the typical features of a tunneling process ͑see Fig. 4͒ . Characteristic I͑V͒ curves measured by placing the AFM tip at different points on top of the Au dots give completely equivalent results in contrast with the dispersion observed when I͑V͒ curves are measured by direct contact between the AFM, tip and the STO surface. Even more, I͑V͒ curves measured in Au dots with different diameters exhibit a perfect scaling as a function of the Au dot area. Therefore, it can be concluded that a homogeneous current injection through the Au/STO/LCMO heterostructure 
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has been achieved and that the current injected through the STO/LCMO interface is independent of the AFM tip effective contact area, being determined by the size of the Au dot. By controlling the size of the Au dots, we are able to measure resistances down to ϳ10 4 ⍀, that will be considered as the lower limit of our experimental setup.
We have studied the transport properties across de LCMO/STO interfaces as a function of the thickness of the insulating STO barrier. In Fig. 4͑a͒ we show the J͑V͒ characteristic curves for different barrier thicknesses. It is found that J͑V͒ curves are strongly dependent on the barrier thickness t. The J͑V͒ characteristic curves have been analyzed by using the Simmons model at the intermediate -voltage range to estimate 0 ͑barrier height͒ and S ͑barrier thickness͒. 13 The fits of the J͑V͒ curves corresponding to samples with different STO thickness barriers have been performed in the voltage range of Ϯ0.2 V. Some examples of these fits are shown in Fig. 4͑b͒ . The barrier height between LCMO and STO is given by 0 = W LCMO − STO being W LCMO the work function of LCMO ͓Ϸ4.8 eV ͑Ref. 14͔͒ and STO being the electron affinity of STO ͓Ϸ3.9 eV ͑Ref. 15͔͒, thus in the present experimental conditions the barrier height should be smaller than ϳ0.9 eV. It is worth mentioning the concordance between samples with different barrier thicknesses giving a value of the barrier height 0 Ϸ 0.6 eV in agreement with the estimation of the barrier height given above. This value of 0 is also in good agreement with previous values reported by Sun et al. for STO tunnel barriers in LSMO/ STO/LSMO heterostructure 16 and slightly larger than those reported in Ref. 12 .
In summary, we have carefully measured and analyzed the transport properties across the LCMO/STO heterostructures by using AFM working in the CS mode. To overcome intrinsic problems related to the determination of the actual contact area between the AFM tip and the surface, we have developed a nanostructured contact geometry of Au dots. With this experimental setup a homogeneous current injection across the LCMO/STO interface is accomplished with the current density being controlled by the Au dot area. The conduction across the LCMO/STO heterostructure exhibits the typical features of a tunneling process. The analysis of I͑V͒ curves by using the Simmons model allows us to determine the barrier height, 0 Ϸ 0.6 eV, in good agreement with previous reports of STO tunneling barriers. This method allows an easy characterization of insulating barriers for the fabrication of oxide-based tunneling junctions. FIG. 4 . ͑Color online͒ ͑a͒ J / V curves at room temperature for samples with different STO barrier thicknesses ͑in nm͒ by using a constant Au dot size ͑ Ϸ 800 nm͒. ͑b͒ Some examples of the fitting of the I͑V͒ curves by using the Simmons model in the intermediate voltage regime. The fits correspond to samples with STO barrier thickness of t = 0.8 nm ͑͒ and t =2.3 nm ͑b͒.
